Agricultural practices are known to alter bulk soil microbial communities, but little is known about the effect of such practices on the plant endophytic community. We assessed the influence of long-term applications (20 years) of herbicides and different fertilizer types on the endophytic community of maize plants grown in different field experiments. Nested PCR-denaturing gradient gel electrophoresis (DGGE) analyses targeting general bacteria, type I or II methanotrophs, actinomycetes, and general fungi were used to fingerprint the endophytic community in the roots of Zea mays L. Low intraplant variability (reproducible DGGE patterns) was observed for the bacterial, type I methanotroph, and fungal communities, whereas the patterns for endophytic actinomycetes exhibited high intraplant variability. No endophytic amplification product was obtained for type II methanotrophs. Cluster and stability analysis of the endophytic type I methanotroph patterns differentiated maize plants cultivated by using mineral fertilizer from plants cultivated by using organic fertilizer with a 100% success rate. In addition, lower methanotroph richness was observed for mineral-fertilized plants than for organically fertilized plants. The use of herbicides could not be traced by fingerprinting the endophytic type I methanotrophs or by evaluating any other endophytic microbial group. Our results indicate that the effect of agrochemicals is not limited to the bulk microbial community but also includes the root endophytic community. It is not clear if this effect is due to a direct effect on the root endophytic community or is due to changes in the bulk community, which are then reflected in the root endophytic community.
Microbial endophytic species are present in a wide range of plant species and reside either within cells (23) , in the intercellular space (33) , or in the vascular system (2) of a plant. Microbial endophytes are typically defined as microorganisms that are detected after surface sterilization of a plant part (16) and are assumed to originate from the seed and/or the surrounding environment. It is not clear how important the seed reservoir is for the endophytic community. McInroy and Kloepper (29) found 10 3 to 10 5 CFU/g in cotton seeds and 10 CFU/g in maize seeds, whereas in an extensive study of citrus seeds (1) Araujo et al. could not detect any endophytic species. In contrast, the soil, particularly the rhizosphere, is widely accepted to be an important source of root endophytes, and most root endophyte species are also present in rhizosphere soil (13, 37) . The root endophytes are thought to enter the plant by local cellulose degradation or fractures in the root system (14) . Traditionally, bacterial endophytes were assumed to be latent pathogens that did no substantive harm and provided no benefit to the host plant (44) , but recently, it has been proposed that much like their fungal brethren, some bacterial endophytes may also be beneficial (6) . Recent reports have confirmed this view, and bacterial endophytic species have been implicated in the promotion of plant growth and protection against pathogens (3, 42) .
In the majority of studies investigating bacterial endophytic diversity in maize species the workers use cultivation-based techniques (isolation). The most frequently isolated members of the endophytic bacterial community in maize are Enterobacter spp. (members of the gamma subclass of the class Proteobacteria [gamma-proteobacteria]), followed by the betaproteobacterial Burkholderia spp. (29) . Such studies provide an important glimpse into endophytic diversity, as well as microbial strains for further investigation. However, due to the unknown growth requirements of many bacteria and the presence of cells that are in a viable but noncultivable state (43) , cultivation-dependent biodiversity studies of the endophytic community are somewhat limited. In recent work Chelius and Triplett (7) found that cultivation techniques captured 48% of the bacterial diversity retrieved by cultivation-independent clonal assessment.
The 16S rRNA gene is a phylogenetic marker that is frequently used to describe the microbial community in natural environments without a need for cultivation (11, 45) . Methods that rely on the 16S rRNA gene to characterize the microbial community structure include denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment length polymorphism, and amplified ribosomal DNA restriction analysis. These methods are frequently used to study bacterial communities in soil ecosystems (17, 24) but have been used only rarely to evaluate endophytic microbial communities of agronomic crops. Recently, DGGE and terminal restriction fragment length polymorphism analyses were used to study the endophytic community in potato plants (12, 37) , and amplified ribosomal DNA restriction analysis was used to study the root endophyte diversity in Zea mays L. (7) . The authors found a wide diversity (six bacterial phylogenetic divisions and 74 distinct phylotypes) of bacteria associated with the roots of Z. mays L. It was suggested that the bacteria associated with maize roots were a subset of the larger soil microbial community. This viewpoint postulates that a certain subpopulation of the wider soil community prospers in the root endophytic zone, suggesting that the root endophytic population composition is due to interactions of plant-specific and soil-specific factors.
We hypothesized that if rhizosphere and endophytic communities are closely linked, the endophytic communities may reflect differences in agronomic practices. In previous work the researchers found that application of different types of fertilizer (compost versus mineral fertilizer) resulted in altered bulk soil methanotrophic diversity and activity (35) . In the present study, we used group-specific DGGE to fingerprint the endophytic community in the roots and kernels of Z. mays L. Initially, we tried to confirm the finding of Chelius and Triplette (7) that the structure of the endophytic community in maize roots was related to the structure of the microbial community in the bulk soil and the rhizosphere soil. In the second part of this study, we evaluated the structure of the root endophytic community in maize plants grown under different agricultural conditions to investigate the potential effects of herbicide use and the use of mineral fertilizer versus organic fertilizer on this structure. Finally, we also assessed the structure of the endophytic community in maize kernels originating from plants subjected to the different agricultural treatments.
MATERIALS AND METHODS
Experimental sites and sampling. Since 1982, maize plants (variety LG21.85) were cultivated on two experimental fields located near Melle, Belgium. Each experimental field was divided into eight replicate blocks, and there were four blocks (6 by 6 m 2 ) per agricultural treatment. Experimental field 1 contained four blocks which received both atrazine (750 g ha Ϫ1 ) and metalochlor (2,000 g ha Ϫ1 ) (treatment A) and four blocks which received no herbicide (weeds were removed manually) (treatment K). Both treatments in experimental field 1 received mineral fertilizer (153 kg of N ha Ϫ1 ). The herbicide regimen was thus the only parameter that was different for treatment A and treatment K. The blocks located in experimental field 2 received either mineral fertilizer (treatment M) or vegetable, fruit, and garden compost (GFT compost) (treatment G). The weeds in experimental field 2 were removed mechanically, and so the fertilizer regimen was the only parameter that was different for treatment M and treatment G. Thus, this experimental setup allowed separate evaluation of the effects of herbicides and different fertilizer regimens on the endophytic community. We acknowledge that this experimental design resulted in pseudoreplication and that we did not have multiple fields for each treatment, but this was the result of the logistical constraints of long-term agricultural experiments. Samples of four maize plants per treatment were obtained in September 2002, 2 weeks before harvesting of all plants. In addition to the maize plants, samples of bulk and rhizosphere soil were also obtained from the treatment G blocks.
Surface sterilization of maize roots and kernels. Roots and kernels were washed with tap water and distilled water to remove attached soil. Subsequently, the plant parts were immersed in ethanol and shaken manually for 1 min. The ethanol was replaced by sodium hypochlorite (amended with 0.1% Tween 20) , and the preparations were shaken manually for 1 min. The solution was replaced by fresh sodium hypochlorite, and the plant parts were shaken on a rotary shaker (140 rpm) for an additional 20 min. Finally, the plant parts were washed three times with sterile distilled water. To ensure that the surfaces were sterile, maize roots and kernels were imprinted on tryptic soy agar plates and the water from the final washing step was spread on tryptic soy agar plates (29) . Since in this study we focused mainly on molecular techniques, the final wash water was also subjected to PCR analysis (after boiling to release possible DNA) with general bacterial primers P338F and P518r to evaluate the surface sterility (4). Root and kernel samples that were not contaminated as determined by both the culturedependent and culture-independent sterility tests were kept and used for further analysis.
Plate counts of endophytes. Surface-sterilized plant pieces (roots and kernels separately) were first placed in a sterilized physiological solution (8.5 g of NaCl liter Ϫ1 ; dilution, 10 Ϫ1 ) and subsequently homogenized with a Stomacher LabBlender (Seward Medical, London, United Kingdom). The number of cultivable endophytes in maize roots or kernels, expressed in CFU per gram (fresh weight), was determined by spreading 0.1 ml of homogenized surface-sterilized plant material onto R2A (Difco, Detroit, Mich.) agar medium. Four replicates for each agricultural treatment were spread on the agar plates and incubated for 7 days at 28°C.
DNA isolation and PCR amplification. DNA was extracted from the surfacedisinfected plant material by using a protocol previously described for soil samples (8) . First, the minimum amount of plant material necessary to generate reproducible patterns for one plant was determined (analysis of intraplant variability). Therefore, DNA was extracted three times from plant material (1 or 5 g) originating from one maize plant (plant G3). To check the interplant variability, DNA was extracted from four different plants that were cultivated under the same circumstances (plants G1, G2, G3, and G4). In addition, DNA was also extracted from bulk soil samples and rhizosphere samples (soil attached to the roots after sampling of the maize plant) from the treatment G block by using a previously described method (8) . This made it possible to compare the community structure within the roots (endophytes) and the community structure outside the roots (rhizosphere) for agricultural treatment G. Finally, the endophytic communities of maize plants cultivated by using different agricultural practices were compared. To do this, samples of four maize plants per treatment were obtained and surface sterilized as described above.
After extraction of the DNA of the soil and plant samples, a 100-l aliquot of each crude extract was purified with Wizard PCR preps (Promega, Madison, Wis.), and the DNA concentration was measured spectrophotometrically. Subsequently, a nested PCR was performed to obtain DNA amplification products suitable for DGGE analysis (4) . General primers targeting all bacteria (P388f and P518r) (32), actinomycetes (P243f and P518r) (19) , and fungi (EF4f and NS3r) (40) were used. In addition, group-specific 16S rRNA gene primers targeting type I (MB10 gamma) and type II (MB9 alfa) methanotrophs were used in this study (17) .
All PCRs were performed with a 9600 thermal cycler (Perkin-Elmer, Norwalk, Conn.). The final concentrations of the different components in the master mixture (in DNase-and RNase-free filter-sterilized water [Sigma-Aldrich Chemie, Steinheim, Germany]) were as follows: 0.2 M for each primer, 200 M for each deoxynucleoside triphosphate, 1.5 mM MgCl 2 , 1ϫ thermophilic DNA polymerase, 10ϫ reaction buffer (MgCl 2 free), 1.25 U of Taq DNA polymerase (Promega) 50 l Ϫ1 , and 400 ng of bovine serum albumin (Hoffman-La Roche, Basel, Switzerland) l Ϫ1 . In the first PCR round, 1 l of purified DNA was added to 24 l of the PCR master mixture, and in the second round, 1 l of amplified product from the first round was added to 24 l of the PCR mixture. After each PCR, the size of the amplification product was verified on a 1% agarose gel.
DGGE analysis. DGGE analysis was performed by using a DCode system (Bio-Rad, Hercules, Calif.) as described previously (4) . In brief, PCR amplification samples were loaded onto 8% (wt/vol) polyacrylamide gels in 1ϫ TAE (20 mM Tris, 10 mM acetate, 0.5 mM EDTA [pH 7.4]). The polyacrylamide gels were made with a denaturant gradient ranging from 45 to 60%. Electrophoresis was performed overnight for 17 h at 60°C and 38 V. After electrophoresis, the gels were soaked for 30 min in SYBR Green I nucleic acid gel stain (dilution, 1:10,000; FMC BioProducts, Rockland, Maine). Each stained gel was immediately photographed on a UV transillumination table with a video camera module (Vilbert Lourmat, Marne-la Vallé, France).
Statistical processing of DGGE patterns. The DGGE patterns were clustered by using Bionumerics software (Applied Maths, Kortrijk, Belgium). A matrix of similarities for the densiometric curves of the band patterns was calculated based on the Pearson product-moment correlation coefficient, and dendrograms were created by using Ward linkage (46) . Relevant and nonrelevant clusters were separated by the statistical cluster cutoff method (Bionumerics manual 2.5).
In addition, the stability of the endophytic patterns originating from plants cultivated under different agricultural circumstances was calculated. For the different primer sets used in this study, the percentage of DGGE patterns assigned to the correct agricultural treatment was calculated. The group violation method was used to calculate these percentages (Bionumerics manual 2.5).
Finally, the richness of each of the different bacterial communities was esti-mated. The bands on the DGGE gels were divided into band classes, and these classes were exported to EstimateS (version 6.0; R. K. Colwell; http://viceroy.eeb .uconn.edu/estimates). This program allows statistical analysis of species richness from samples by calculating the Chao1 index (19) 
, where S obs is the total number of species observed, L is the number of species that occur in only one sample (unique species), and M is the number of species that occur in exactly two samples. This is an incidence-based nonparametric estimator that uses presence-absence data and can be used with 16S rRNA DGGE patterns to obtain a first estimate of community richness, making it a suitable index for PCR-based analysis (22) .
Identification of dominant bands in DGGE patterns. To identify the most dominant members of the maize endophytic community, several bands were cut out from a DGGE gel and placed into 20 l of sterile water. These bands were reamplified with bacterial primers P338f and P518r, and the amplification product was loaded onto a new DGGE gel. The steps were repeated until a pure amplification product (one band on a DGGE gel) was obtained. The amplification products were subsequently sequenced by ITT Biotech (Bielefeld, Germany). The partial sequences (approximately 180 bp) were aligned with 16S rRNA gene sequences obtained from the National Center for Biotechnology Information database by using the BLAST search program, version 2.0.
RESULTS
Intraplant variability of the endophytic community. We first determined the minimal amount of plant material needed to generate reproducible 16S rRNA gene DGGE patterns for a single plant sample. Initially, 1-g samples of surface-disinfected roots and kernels (four replicates) originating from plant G3 were subjected to PCR-DGGE analysis conducted with general bacterial primers (Fig. 1a) . The DGGE banding patterns for the root samples were dissimilar, with an average similarity of only 10%. Thus, a single maize plant could not be reproducibly assessed with 1 g of roots, and we increased the sample size to 5 g of surface-sterilized root material (Fig. 2a) . This increased the level of similarity of replicate samples from the same plant to 90% (as determined with general bacterial primers). In contrast to the surface-disinfected root samples, 1 g of surface-disinfected kernels resulted in highly similar (90%) DGGE patterns (Fig. 1b) .
Relationship of the root endophytic community to the soil microbial community. Our goal was to compare the structures of the endophytic communities in four different maize plants (5 g of root material), all grown under the same circumstances (agricultural treatment G), with the structures of the communities of the bulk and rhizosphere soil in which the maize plants were cultivated. Before PCR-DGGE analysis, the DNA yields after extraction were examined, and no significant difference between the different samples was observed. Cluster analysis of the DGGE patterns (as determined with general bacterial primers) of the endophytic community indicated that this community was different than the bulk and rhizosphere community (Fig. 2a) . The PCRs for the bulk and rhizosphere soil samples were probably inhibited as low PCR amplification yields were observed. As a result, only a few faint bands were visible on the DGGE gels. In contrast, the patterns for the endophytic community contained approximately 15 distinct bands. Thus, it was difficult to determine if bands present in the root interior (endophytes) were also present in the soil community.
To identify the numerically dominant populations in the root endophytic community, a number of dominant bacterial bands were excised from the gel (Fig. 2a) , reamplified, and sequenced. The names and accession numbers for most closely related organisms and their percentages of similarity are shown in Table 1 . All sequences fell into the gamma subdivision of the Proteobacteria; four of the six sequences were pseudomonad sequences, one was an Enterobacter sequence, and one was a Rahnella sequence.
Group-specific primers targeting type I and type II methanotrophs were also used to evaluate the presence of methanotrophs in the roots of a maize plant. The root endophytic DNA samples yielded an amplification product for type I methanotrophs, whereas type II methanotrophs could not be amplified (Table 2 ). DGGE analysis of the type I methanotroph endophytes (Fig. 2b) confirmed the different community structures of the bacteria living inside the maize roots (endophytes) and the bacteria living just outside the roots (rhizosphere). Most endophyte bands were also visible in the rhizosphere samples. Reproducible patterns resulting in low intraplant variability (100% similarity) and low interplant variability (80% similarity) were obtained.
Primers targeting actinomycetes and fungi also yielded amplification products ( Fig. 2c and d) . The actinomycete intraplant reproducibility was low (50% similarity), and the interplant reproducibility was even lower (40% similarity). Therefore, the actinomycete primer set was not used in further analyses. The reproducibility for the endophytic fungal community was slightly better than that for the actinomycetes, with an intraplant similarity of 80% and an interplant similarity of 60%.
Based on the number of bands on the DGGE gels, richness estimates (Chao1 indices) were calculated for the different parts of the soil ecosystem (Table 3) . No index could be calculated for the total bacterial community in bulk and rhizosphere soil because DGGE could not adequately separate different bands. The use of group-specific primers for methanotrophs showed that there was a decreasing trend in richness from the bulk soil to the rhizosphere soil to the root endophytic community for plants cultivated in the soil. In contrast, the fungal richness appeared to be higher for the endophytic community than for the soil communities. Effects of agricultural treatments on the root endophytic community. The composition of the root endophytic community was clearly influenced by different fertilizer treatments (Fig. 3) . Cluster analysis of the DGGE patterns obtained with type I methanotroph primers separated the samples subjected to treatment M (mineral fertilizer) and the samples subjected to treatment G (GFT compost), and there was 50% similarity between the patterns obtained for these two treatments. This separation was limited to the type I methanotrophs as the bacterial community as a whole did not generate separate clusters according to the fertilizer type. Analysis of the fungal community also did not differentiate between the different fertilizer treatments. The herbicide applications did not result in separate clusters for treatment K and treatment A for all primer combinations investigated (total bacterial, methanotrophic, and fungal primers). In addition, the different agricultural practices had little effect on the number of cultivable root endophytes; the sizes of the endophytic populations for all four treatments were approximately 7 log 10 CFU per g of roots (data not shown).
Stability analysis of the type I methanotroph patterns yielded an average rate of correct classification (ARCC) of 76%, and the accuracy of the assignments for the compost treatment and the mineral fertilizer treatment was 100% (Table 4) . Differentiation of endophytic communities exposed to herbicides from nonexposed communities was not as successful; only 24% of the herbicide-exposed samples were assigned to the correct group, whereas 80% of the nonexposed communities were assigned to the correct group. Despite this limitation, the methanotroph patterns were more informative than the data obtained with the general bacterial primers, which yielded an ARCC of 68%, and the data obtained with the fungal primers, which yielded an ARCC of 40%. Supporting the ARCC analysis, richness estimates for the root endophytic communities originating from the different agricultural treatments indicated that the richness for the type I methanotrophs in the organically (GFT compost) fertilized soil was significantly higher than the richness for the other treatments (Table 3 ). The estimates of the total bacterial and fungal richness did not reveal significant differences between the different agricultural treatments.
Endophytic communities within maize kernels. Both culture-dependent and culture-independent methods revealed the presence of endophytic species in the maize kernels obtained from plants subjected to the different agricultural treatments. The number of cultivable endophytes was approximately 4 log units lower in the kernels than in the roots, and the values did not differ between treatments (data not shown). PCR analysis of the endophytic community in the maize kernels revealed amplification with general bacterial primers, while other primer combinations did not yield amplification products suitable for DGGE ( Table 2 ). The general bacterial patterns were dominated by one very intense band that was not bacterial in origin. Sequence analysis (Table 1) revealed that band 1 showed the highest similarity with the Z. mays chloroplast sequence (accession no. X86563). The less dominant Cluster analysis of the endophytic communities in the kernels did not reveal a significant separation of groups based on fertilizer application or herbicide application (data not shown).
DISCUSSION
Analysis of the root endophytic community with group-specific primers differentiated between organic and mineral agricultural practices. In contrast, the use of herbicides was not reflected in the structure of the maize endophytic community. The effects of different agricultural practices on the bulk soil microbial community have been extensively studied (8, 10, 41) , but to the best of our knowledge, this is the first report of the impact of agricultural practices on the endophytic community. With the recent recognition that endophytic bacteria (3, 42) play an important role in growth promotion and disease resistance, this research raises the possibility that it may be possible to optimize bacterial control agents in crop plants by considering the agricultural practices when bacterial inoculants are used.
In previous research the workers found that intensive use of mineral fertilizers substantially changes the composition of the bulk soil microbial community (28) . In particular, the methane-oxidizing community is negatively affected by intensive use of mineral fertilizers, whereas organic fertilizers stimulate the soil methanotrophic community (35) . The results of the present investigation indicate not only that the bulk soil methanotrophic community is dependent of the fertilizer type but also that the endophytic community is dependent on this factor as well. In contrast, the methanotroph DGGE analysis did not differentiate between the herbicide-treated endophytic community and the nontreated community, although a previous study indicated that the structure of the bulk soil methanotrophic community was altered due to herbicide treatment (36) . We postulated that since the herbicides were applied preemergence, there was little direct effect on the maize plants and thus on the endophytic community. The observed fertilizer effect was limited to the root endophytic community, and little dif- ference between kernels was observed. The reason for the fertilizer dependence in the roots and not in the kernels can probably be explained by the fact that the methane generated in the soil immediately surrounding the roots provides an important C source for the root methanotrophic bacteria. In contrast, the kernels do not have such a ready source of methane.
In the present study, use of primers targeting type I methanotrophs resulted in amplification for the root endophytic samples, whereas use of primers targeting type II methanotrophs did not, although both primer combinations resulted in amplification for the soil samples (Table 2 ). This observation supports the hypothesis that the plant selects which endophytes can colonize the interior of the roots. The results of this study indicate that maize roots are preferentially colonized by gamma-proteobacteria since the most dominant bands obtained with general bacterial primers were classified in this group. Type I methanotrophs also belong to the gammaproteobacteria, explaining why they were detected in the root interior whereas type II methanotrophs (alpha-proteobacteria) were not (15) . The role of the endophytic methanotroph community in plant health and productivity in upland agricultural settings is currently unknown; all previous studies investigating methanotroph diversity of the root systems were limited to rice or submerged macrophytes (5, 9, 18, 20, 21) .
The results of this study support the concept that the endophytic bacterial community is a subset of the soil community (13, 29, 38) . Richness analysis revealed that the bulk soil had the highest bacterial richness and the endophytic community had the lowest bacterial richness. In a previous study the workers obtained similar results and found that the bacterial diversity decreased from the bulk soil to the rhizosphere to the endophytic community of Lolium perenne and Trifolium repens (27) . In a DGGE study Smalla et al. also found a rhizosphere effect; i.e., there was increased abundance of certain populations in the vicinity of the plant roots, which resulted in a lower number of visible bands in the rhizosphere DGGE patterns (39) . In the present study, all methanotroph endophytic DGGE bands were also visible in the gels obtained with rhizosphere soil, suggesting that the soil was the major source of the endophytic species. Similarly, most endophytes recovered from barley (31), sugar beet (25) , cucumber (26) , and wheat and canola plants (13) were also detected in the samples of the soil in which the plants were cultivated. The trend for fungal richness was opposite to the trend displayed by bacteria, with the endophytic community having greater taxonomic richness than the bulk soil community. DGGE detects only the most dominant species. There may be bulk soil fungal species that comprise less than 1% of the community which, due to the limitation of DGGE technology, are not detectable (30) . Such an artifact may explain the opposite trend observed.
In the present study we found that using 5 g of plant material resulted in reproducible DGGE patterns for the root endophytic community in a single plant. This is in contrast to molecularly based studies of the endophytic root community, in which typically 0.2 to 0.5 g of surface-sterilized material is used (34, 37) . The increase in sample size did not reduce the interplant variability for the actinomycete community, which may have been related to the different morphology of these organisms compared to that of methanotrophs or the general bacterial community. In this study we only investigated maize plants, and it is not known if different amounts of material must be analyzed for other plant species. However, our results clearly indicate that molecular investigations of the root endophytic community require that investigators first assess the relationship between within-plant variability and sample size.
In conclusion, our results demonstrate that agricultural practices significantly influence certain populations of the root endophytic community. At this time, it is not known how changing methanotroph populations influence plant survival, but given the close relationship between endophytes and plants, this is an area that warrants further research. In this study, plant development (plant age) and the water potential of the soil were similar for all of the plants studied. Consequently, these parameters did not interfere with the results obtained. To extrapolate our results to other plant ages and other water potentials, more research is necessary.
